Purpose. In most circumstances it is possible to provide the precise estimation of force and weight by means of kinesthetic differentiation. In some conditions, like physical effort or fatigue, kinesthetic differentiation can become reduced. The kinesthetic differentiation capacity can be expressed as repeatability of muscular contraction force or movement. The present study investigates the direction of changes in kinesthetic differentiation of force applied by both arms during elbow flexion and extension before and after exercise. Basic procedures. The study sample consisted of 23 cyclists (mean ± SD) aged 18.1 ± 1.8 years, 17 rowers aged 18.1 ± 1.8 years, and a control group consisting of 32 subjects aged 21.3 ± 1.3 years. All subjects performed a progressive exercise test. Kinesthetic differentiation was measured as the repeatability of force applied during elbow flexion and extension. Main findings. The results obtained confirm that kinesthetic differentiation in both arms after exercise improved by means of elbow extension. Further research can contribute to the development of ways of control of adaptation changes in the central nervous system and the locomotor system on a general level, since the studies so far have described either local changes, e.g. EMG, or provided specific data related to typical patterns of activity in a given sport. Conclusions. The proposed method allows identification of effects of intense exercise on the kinesthetic differentiation capacity on a more general level.
Introduction
The repeatability of force applied in motor actions depends on information delivered from receptors in muscles, tendons, ligaments and synovial capsules. The most important sensory receptors in muscles include muscle spindles and the Golgi tendon organs responsible for proprioception [1] [2] [3] . The proprioceptive sense allows precise control of motor actions "planned" in the cortical centers [4, 5] .
Apart from the sensory proprioceptors also cutaneous receptors and exteroceptors of sight and hearing are highly significant in "sensing" movement. The cutaneous mechanoreceptors (Pacinian corpuscles, Meissner's corpuscles, Merkel's discs, and Ruffini corpuscles) respond to mechanical stimuli thanks to skin flexibility and receive precise information from the outside environment. Received stimulation is processed by the central nervous system, and in this way the body can respond quickly to a stimulus affecting the skin [3] .
Among the receptors responsible for the kinesthetic sense, particularly important are the intrafusal muscle fibers enabling immediate changes of muscle tone at the level of spinal cord. However, fatigue developed during muscle work may distort generation of muscle force in voluntary contractions [6, 7] .
The increasing physiological expense of muscular contractions is linked to the so-called "central fatigue", which inhibits the function of some motor neurons and cortical motor centers loaded earlier [8] . The processes affecting central fatigue reduce the ability to continue exercise or increase its intensity. They do not reflect an exercise-induced dysfunction of the central nervous system [9] but rather constitute a mechanism of "active" defense against overload [8] . They are not associated exclusively with declining movement precision or strength, but also with metabolic changes.
Proprioception allows control of muscle tone in isometric or isotonic contractions and thus application of optimal force. The capacity of differentiation of the force applied enables repeatability and precision of performed motor actions at a lower physiological expense.
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The present study was to provide information about force applied during arm movement before and after exercise. It was aimed at assessment of changes in differentiation of the force applied during exercise-induced elbow flexion and extension. It was assumed that systemic physical effort changes local kinesthetic sensitivity. A test of this assumption can contribute to the diagnosis of the impact of exercise on the efficiency of the locomotor system.
Material and methods
The study was conducted in a test center in conformance with the PN-EN ISO 9001:2001 Certificate of Quality System. The experimental group consisted of right-handed male cyclists and rowers; the control group included students of the University School of Physical Education in Wrocław (Tab. 1). Both study groups performed progressive exercise tests in accordance with the method used by MacDougall et al. [10] . The tests were performed on a cycle ergometer (Monark E895, Sweden) with an electronic sensor and software for registration of work results (kJ). Each subject performed the test at his chosen rate of movements, however not less than 60 cycles per minute. The initial load amounted to 10 N, and was increased for another 10 N every three minutes until the force of 70 N was attained. The exercise was interrupted once a subject was unable to maintain the minimal rate of cycles (60 cycles · min -1 ), or the oxygen uptake was reduced (VO 2 ) with increasing ventilation rate (VE) and heart rate (HR).
At rest, during the entire exercise test, and for the first five minutes of restitution the subjects breathed through a face mask (Cosmed, Italy) and the exhaled air samples were processed in a K4b 2 portable gas analyzer ). The cycle ergometer was computer-calibrated before each test.
The apparatus for measuring the repeatability of pressure force consisted of:
• two plates for measuring pressure of the upper right and left extremities, • a tensometric bridge, • an analog-digital signal converter (computer card), • software for data processing (Kinestezjometr ver.
1.0), • PC set (Celeron 2.54 GHz).
The kinesthesiometer with tensometric sensors for measuring differences in arm pressure force consisted of a base frame with an adjustable seat and backrest and two vertical platforms with metal rods supporting round-shaped hand plates on top. The tensometers reacted to forward, backward (not applicable in the present study) sideways and downward elastic strains.
The tensometers reacted to strains on the metal rod due to applied pressure force by emitting an analog signal, which was then enhanced and converted into digital data. The tensometric bridge had eight channels for measuring the pressure force of the upper and lower limbs in planned directions. The digital signal was then recorded and processed by the PC. Before the tests the kinesthesiometer was calibrated with weights (1 kg, 5 kg, 10 kg). In the first part of the test subjects performed 5 to 10 free elbow flexions and extensions with the pressure force close to 10 kG (98 N), with intervals between the movements at their convenience. During the test subjects could follow the results of using the force of elbow extension and flexion on the computer screen. Each subject was to remember a chosen pressure force value.
During the main part of the experiment each subject performed 10 elbow flexions and extensions with the pressure force they remembered without seeing the results on the computer screen. During the test subjects sat straight without leaning against the backrest. The examined arm was bent at the elbow at the angle of 90 o , with the hand overgripping the round plate, straight at the wrist. The other arm was resting on the thigh. The legs rested against the base of the kinesthesiometer. After each pressure the tested arm rested on the thigh. In the first measurement pressure was exerted on the plate by extending the elbow (pushing the plate), and in the second measurement by flexing the elbow (pulling the plate). The repeatability of the force applied was measured with the right arm and the left arm.
The results were then analyzed statistically. The mean pressure force (Nm) was calculated from ten elbow reps performed by each subject. The standard error was determined for pressure force repeatability on the basis of the sum of differences from the mean. From each pressure force value the mean value was subtracted (N1 -Nm, N2 -Nm, etc.). The results were presented as absolute values [11] .
The kinesthesiometric measurements were taken before exercise and in the 5 th minute of post-exercise restitution. The statistical parameters analyzed included the arithmetic mean ( ) and standard deviation (SD) of the sum of differences from the mean force ( ) and Student's t-test.
Results
The analysis of maximal oxygen uptake (VO 2 max) in the control group and in the study group of cyclists and rowers revealed significantly lower values of this parameter in the former (Tab. 2). ) were noted in the cyclists (Tab. 2). They also performed the biggest work (W = 267.75 ± 42.77 kJ), significantly greater than in the other groups of subjects (Tab. 3).
The groups examined differed in variability of the force applied (proprioception) during extension (pushing the kinesthesiometer plate) and flexion (pulling the kinesthesiometer plate) of the left and the right elbow (Tab. 2, 3) .
The arithmetic mean of the sum of differences from the mean repeatability of force applied during extension of the right elbow was lower after exercise in all subjects.
In the group of rowers these differences were statistically significant (Fig. 2) .
The arithmetic mean of the sum of differences from the mean repeatability of force applied during flexion of the right elbow was lower after exercise in all subjects. In the group of rowers these differences were statistically significant (Fig. 3) .
During extension of the left elbow the repeatability of force applied was lower in the group of rowers and in the control group. In the group of cyclists the mean repeatability was significantly higher (Fig. 4) .
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Before exercise the sums of arithmetic mean differences in the force applied varied significantly during elbow flexion between the cyclists and the control group, and between the cyclists and the rowers (Tab. 4). In two cases the rowers achieved higher results.
After exercise, in one case, a statistically significant difference in the parameter being studied during left elbow flexion was found between the control group (higher results) and the rowers (Tab. 5).
Discussion
Proprioception is a decisive factor in the process of controlling movement performance. The course of reception of stimuli from proprioceptors varies in the groups under study before and after exercise.
In the present study the exercise test performed was a stimulus to the body, which in extreme cases led to muscle fatigue. The progressive test was a considerable load to the body.
The statistical analysis revealed a reduction in standard deviation of the force applied during elbow flexion Table 4 . Arithmetic mean ( ) and standard deviation (SD) of the sum of differences from the mean ( ) of the force applied (N) in groups under study and Student's t-test (t) before the exercise test and extension after exercise, and in many cases these changes were statistically significant ( Fig. 2-5 ). Only during the left elbow extension test in the group of cyclists, an increase in standard deviation of the force applied was noted. It could have been a fatigue symptom as this group achieved the highest level of work. The improvement of parameters of the force applied after exercise can be due to activation of the Golgi tendon organs made up of strands of collagen, as suggested by Loeb [12] and Gandevia [13] . The Golgi tendon organs are tonic sensory receptors (i.e. adapting slowly to a stimulus) and reveal discharges during the whole process of tendon stretching, which undoubtedly took place in the final part of the exercise test.
Also the observed change in the kinesthetic differentiation capacity is most likely a result of the activity of Golgi tendon organs. According to McCloskey et al. [14] , Jones [15] and Gandevia [13] these organs can mobilize greater numbers of motoneurons engaged in heavy work and thus recruit more motor units in exercise. This all can lead to fatigue manifested by a simultaneous change in synaptic neurotransmission affecting the precision of a movement performed.
Elbow flexion is more precisely repeatable after exercise than elbow extension. This is most likely due to the modified stimulation of motoneurons of elbow flexors (biceps) and extensors (triceps) by afferent nerve fibers [16, 17] . A study by Butler et al. [17] revealed that afferent signals from type III and type IV sensory fibres do not inhibit the activity of elbow flexor motoneurons. Additionally, research results obtained by Martin et al. [16] showed that in conditions of fatigue the activity of type III and IV afferent fibers of flexors and extensors reduced the activity of elbow extensor motoneurons by means of hyperpolarization. At the same time the activity of flexor motoneurons increases as well. It is possible that the differences in reaction noted in the cyclists can be due to the similarity between the cycle ergometer test to their regular cycling training exercises. This, however, requires further research.
Another reason for better elbow flexion repeatability after exercise can be attributed to the fact that the effects of the monosynaptic corticospinal tract on motor units of the biceps brachii are greater than on the triceps brachii [18, 19] .
The improvement in differentiation of the force applied after exercise in the left elbow flexion test is statistically significant in all groups under study. It might be a warm-up effect. A progressive exercise test cannot be categorized as long-term physical exercise, since in the case of the most efficient subjects it barely amounts to 15-20 minutes of exercise, which is characteristic of a regular sport warm-up.
Conclusions
The study results point to the impact of exercise on the repeatability of force applied. Physical effort enhances local kinesthetic differentiation, especially during elbow flexion (left). Further research can indicate ways of control of adaptation changes in the central nervous system and the locomotor system on a general level, since the studies so far have described either local changes, e.g. EMG, or provided specific data related to typical patterns of activity in a given sport.
